Recent studies suggest that a class of proteins known as cryptochromes have an evolutionarily conserved role in the entrainment of circadian rhythms to the night-day cycle. While the evidence reported is intriguing, the notion that cryptochromes have the same role in all species requires further investigation.
Researchers working on mechanisms of photoentrainment have begun to investigate which photopigments are involved. It is becoming apparent that the specific sensory demands of photoentrainment have led to the evolution of specialised photoreceptor systems. In both vertebrate and invertebrate animals, the loss of classical visual photoreceptors does not abolish photoentrainment. In mammals, for example, genetic ablation of rod and/or cone photoreceptors does not block the effects of light on the circadian clock, although complete eye removal does [1] . At present, the identity of the putative 'circadian photoreceptors' remains unknown, so recent reports [2] [3] [4] [5] suggesting that a group of light-absorbing proteins known as cryptochromes might mediate photoentrainment in three phylogenetically diverse species -the plant Arabidopsis, the fruitfly Drosophila and the mouse -have met with a great deal of interest. As we shall discuss, however, the jury is still out on the question of whether cryptochromes really are the elusive circadian photoreceptors.
Cryptochromes
Despite their common name, the cryptochrome proteins found in mammals, Drosophila and higher plants are fairly distantly related members of a family of proteins dominated by the photolyases [3, 6] . The photolyases are known to mediate blue-light-dependent repair of damaged DNA and, until recently, the only members of the photolyase/cryptochrome family thought to have a function other than DNA repair were the cryptochromes of higher plants. These plant cryptochromes are closely related to one another and have previously been implicated in developmental and physiological responses to light.
Explicit speculation that members of the cryptochrome/ photolyase family might also have a role in circadian photoentrainment began with the discovery in humans and mice of genes encoding two photolyase-like proteins, termed cryptochromes 1 and 2. These proteins lack DNA repair activity, and so were assumed to have a photopigment function [7] . The homologous mouse genes, mCry1 and mCry2, were found to be expressed in a variety of neural and non-neural tissues, but it was their expression within the inner retina that led to the suggestion that cryptochromes mediate photoentrainment in mammals [8] .
Mutants and knockouts
To investigate whether the cryptochromes really do have a circadian function, researchers working on the mouse [5] , Drosophila [4] and Arabidopsis [2] have examined the effects of genetic ablation of cryptochrome-like proteins on photoentrainment. The cryptochrome genes that have been examined in this way include both Arabidopsis cryptochrome genes, cry1 and cry2, the newly discovered Drosophila gene dcry, and the mouse gene mCry2 (but not mCry1).
The first important observation to emerge from these studies is that in no case does genetic ablation of cryptochrome proteins abolish photoentrainment. So cryptochrome proteins do not form an essential component of the photoentrainment pathway in any of the species examined. These results are thus inconsistent with the hypothesis that cryptochromes form the sole circadian photopigment. This does not, however, preclude their involvement in circadian photoreception at some level. One can easily generate a model of photoentrainment in which multiple, parallel photoreceptive inputs are employed ( Figure 1b ). In this case, photoentrainment would survive the loss of any single photoreceptor class. So, what evidence do we have that cryptochrome-based photoreceptors provide one of several photoreceptive inputs to the circadian clock? Researchers working with different model species have taken different approaches to this question.
Drosophila: combined lesions of parallel pathways
In some ways, the most straightforward approach is that taken with Drosophila [4] . Previous studies had suggested that visual photoreceptors play a role in the photoentrainment of circadian behaviour in fruitflies. In view of this, it was suggested that visual and cryptochrome-based photoreceptors might be components of parallel light-input pathways. To address this possibility, Stanewsky et al. [4] crossed the cryptochrome mutant (cryb) strain with flies bearing a mutational lesion of visual photoreception (norpA). The results indicated that the cryb norpA doublemutant flies are less capable of photoentrainment than either of the single mutant strains.
This finding supports the view that both classical visual and cryptochrome-based photoreceptors provide light information for the circadian system. But despite lacking both photoreceptor types, cryb norpA double-mutant flies do remain capable of photoentrainment, suggesting that additional, as yet unidentified photoreceptors contribute to the response. Detailed examination of the residual photosensitivity in these double-mutant flies will thus be required before we can be satisfied that we have a complete picture of circadian photoreception in this species.
Arabidopsis: changes in spectral sensitivity
Somers et al. [2] , working with Arabidopsis, predicted that different photoreceptors might mediate circadian responses at different wavelengths and irradiances of light. To test this idea, they used plants bearing single genetic lesions of each of four candidate photoreceptors: phytochromes A and B (phyA and phyB) and cryptochromes 1 and 2 (cry1 and cry2). The effects of these lesions on the irradiance-dependent decrease in circadian period of plants exposed to constant blue or red light were assessed. Although the effects were not pronounced in all cases, the results are consistent with the hypothesis that the four photopigments -the two phytochromes and the two cryptochromes -combine to mediate photoentrainment.
Mice: pleiotropic effects
The approach taken with mice was to examine the circadian phenotype of the mCry2 knockout animals in a search for the sort of pleiotropic effects one might associate with removal of a critical input to the clock. Thresher et al. [5] observed several abnormalities in mCry2-deficient mice: changes in the expression dynamics of the putative clock gene mper1 in the suprachiasmatic nucleus (SCN), the site of the primary circadian pacemaker in mammals; a shortened circadian period; and an increase in the amplitude of light-induced phase shifts. On the basis of these observations, Thresher et al. [5] hypothesised that mCry2 provides one of several photoreceptive inputs to the mammalian circadian system.
The major problem with this conclusion is that, while the reported observations [5] do provide evidence that mCry2 has a role in circadian organisation, they do not specifically link this gene to the light input pathway. Given the large number of tissues in which mCry2 is expressed [8] , including the brain and perhaps the SCN, it is possible that mCry2 performs some other role in the maintenance and/or development of the clock itself. Indeed, the results with Drosophila provide some support for the view that cryptochromes are more than just circadian photoreceptors [3, 4] .
The second problem associated with this approach is that it invokes a complex, currently unproven, model to link ablation of circadian photoreceptors with gross changes in circadian phenotype. A cautionary tale should be considered. In an attempt to assess the role of rod photoreceptors in circadian entrainment in mice, we have previously examined the effects of rod loss using two genetic lesions, the rd mutation and the rdta transgene [9] . The rd mutation causes a gradual degeneration of rod photoreceptors over the first few weeks of life, while the rdta transgene ablates rods early in development. While the circadian phenotype of rd mutant mice is indistinguishable from wild type, rdta mice exhibit a variety of pleiotropic effects on the circadian phenotype, similar to those reported for the mCry2 knockout mice.
Comparison of rd and rdta mice indicates that the pleiotropic effects in the latter are an artifact of the manner and/or timing of rod loss, rather than the absence of rod photoreceptors per se. Further evidence suggests that the function and organisation of the retina, and in particular the retinal ganglion cells that form the optic nerve and retino-hypothalamic tract, may be affected by the transgenic lesion in rdta mice. The comparison of rd and rdta mice shows that, while rod photoreceptors are clearly important in the development of the circadian system, the influence could be very oblique. The pleiotropic effects of the rdta lesion do not necessarily imply that rods provide a direct photoreceptive input to the clock.
A missing piece of the puzzle?
The effects of genetic ablation of cryptochrome proteins in mice, Drosophila and Arabidopsis provide some support for the view that these proteins contribute to the process of photoentrainment. However, this falls short of identifying cryptochromes as circadian photopigments. In order to justify this further conclusion, a demonstration that the function of cryptochromes is directly related to their light-absorbing properties is required. At present, the data are consistent with a variety of roles for cryptochromes in the development, maintenance or activity of the light input pathway.
The most compelling indication that cryptochromes really are circadian photopigments would be a close match between their absorption spectra and changes in the spectral sensitivity of photoentrainment in cryptochrome mutants (Figure 2) . In simplistic terms, cryptochrome proteins are thought to absorb blue and near-UV light (<500 nm), and it would be useful to know if organisms lacking cryptochromes show specifically reduced sensitivity at these wavelengths. In Arabidopsis, the responses of cry1 and cry2 mutants to blue light (400-500 nm) were specifically assessed by Somers et al. [2] , who found that cry1 mutants in particular showed some reduced sensitivity at these wavelengths. But the responsiveness of these mutants to other parts of the spectrum were not reported, and it may be that these effects are not specific to blue light.
In the case of mice and Drosophila, the spectral sensitivities of the cryptochrome mutants were not examined at all. This omission raises particular concern in these species, in which there is no corroborating evidence that cryptochromes are capable of acting as photopigments under any circumstances. The action of these proteins in animals may yet prove to be unrelated to their lightabsorbing properties. Indeed, a recent paper [10] has suggested that cryptochromes might perform a housekeeping function in mammals.
The discovery and study of cryptochrome-type proteins in mice, Drosophila and Arabidopsis has provided evidence that these related proteins are involved in circadian rhythmicity in phylogenetically diverse organisms. This raises the exciting possibility that cryptochromes provide a molecular link between mechanisms of circadian rhythmicity throughout the living world. But the precise role of the proteins in each of the species examined remains uncertain, and the attractive notion that they represent a 'universal' entraining photopigment remains unproven.
Figure 2
The classical method of assigning photoreceptors to a defined biological function is by matching the absorption spectrum of the candidate photopigment with the action spectrum of the biological response. (a) In this depiction, the action spectrum of photoentrainment (solid red line) is a function of the absorbance spectra of two photopigments (dotted black lines). (b) Genetic ablation of one of the photopigments alters the action spectrum in a predictable manner. 
